
1. Introduction
Since the middle of the twentieth century, a substantial amount of geological phosphorus (P) has entered terres-
trial ecosystems as fertilizer to stimulate crop production (Elser & Bennett, 2011). Global mobilization of P has 
roughly tripled compared to its natural state (Smil, 2000) and the riverine P flux from land to ocean has acceler-
ated (Carpenter, 2005). As the P cycle is a largely one-way flow from rock to soil and finally to streams, lakes, 
and oceans, the growing use of industrial P fertilizer is rapidly depleting the supply of mineable deposits of P 
rock which are in limited supply and unevenly distributed around the world (Amundson et al., 2015). Further-
more, the increasing amount of P entering water bodies can disturb the ecological balance of aquatic systems, 
cause eutrophication and water quality degradation, and threaten human health and economic activities (Garnier 
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terrestrial and aquatic biogeochemical P processes. Here, we coupled riverine P biogeochemical processes 
and water transport with terrestrial processes within the framework of the Dynamic Land Ecosystem Model 
to assess how multiple environmental changes, including fertilizer and manure P uses, land use, climate, and 
atmospheric CO2, have affected the long-term dynamics of P loading and export from the Mississippi River 
Basin to the Gulf of Mexico during 1901–2018. Simulations show that riverine exports of dissolved inorganic 
phosphorus (DIP), dissolved organic phosphorus, particulate organic phosphorus (POP), and particulate 
inorganic phosphorus (PIP) increased by 42%, 53%, 60%, and 53%, respectively, since the 1960s. Riverine 
DIP and PIP exports were the dominant components of the total P flux. DIP export was mainly enhanced by 
the growing mineral P fertilizer use in croplands, while increased PIP and POP exports were a result of the 
intensified soil erosion due to increased precipitation. Climate variability resulted in substantial interannual 
and decadal variations in P loading and export. Soil legacy P continues to contribute to P loading. Our findings 
highlight the necessity to adopt effective P management strategies to control P losses through reductions in soil 
erosion, and additionally, to improve P use efficiency in crop production.

Plain Language Summary Phosphorus enrichment in aquatic systems is one of the critical 
reasons for water quality degradation. Terrestrial ecosystems have received large amounts of phosphorus 
inputs and are a major phosphorus source for water bodies. Linking the phosphorus cycles in both terrestrial 
and aquatic ecosystems is helpful for understanding phosphorus flux from land to ocean. In this study, we 
simulated phosphorus processes in both terrestrial and aquatic systems and estimated phosphorus exports 
from the Mississippi River Basin to the Gulf of Mexico during 1901–2018. The simulated results show that 
riverine phosphorus exports have increased since the 1960s. The increasing usage of fertilizer and manure 
in agricultural activities as well as intensified erosion due to increasing extreme precipitation could be the 
major causes for the increasing riverine phosphorus export. This study provides insight into the mechanisms 
mediating riverine phosphorus exports over the past century in the context of global change.
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et al., 2015). Freshwater lakes, reservoirs, and streams are typically P limited and vulnerable to P enrichment 
(Colborne et al., 2019; Correll, 1998). While coastal and oceanic hypoxia is commonly associated with nitrogen 
(N) loading (Ryther & Dunstan, 1971), the impact of P on coastal areas can also be detrimental to the headwaters 
of estuaries (Correll, 1998) and coastal areas with historically excessive nutrient loading (Conley et al., 2009; 
Lohrenz et al., 2008). The increasing loading of N, relative to P, from the Mississippi River Basin (MRB) has 
been associated with periodic P limitation in river-influenced regions of the northern Gulf of Mexico, especially 
during the spring bloom period (Sylvan et al., 2007). As studies suggest the important role of P in the occurrence 
of Gulf hypoxia, there is a growing recognition of the need to control both N and P loading from the MRB (Fennel 
& Laurent, 2018; Scavia & Donnelly, 2007; Sylvan et al., 2006). Therefore, evaluating P loading and export from 
land to ocean is critical for sustainable nutrient management and water security.

Numerous statistical and mechanistic models have been used to estimate P losses from terrestrial ecosystems to 
waterways. The net anthropogenic phosphorus inputs method is a classic statistical approach to link terrestrial 
water and nutrient budgets to water quality (Hu et al., 2020; Metson et al., 2017). Watershed models have been 
developed to simulate distributed landscape P generation by combining statistical and mechanistic approaches. 
However, terrestrial P cycling processes are still over-simplified in these watershed models compared with 
terrestrial biogeochemical models. Specifically, P pools and fluxes related to weathering, adsorption/desorption, 
occlusion, and biological turnover are not fully and explicitly represented in most watershed models or global 
models (Harrison et al., 2019). As a result, these models can only simulate the loading of a limited number of P 
species. Total P (TP) load is the only variable that can be simulated in many watershed models, for example, the 
SPARROW and the IMAGE–GNM models (Alexander et al., 2008; Beusen et al., 2015). In contrast, terrestrial 
biogeochemical models are capable of simulating a relatively complete P cycle in terrestrial ecosystems, as well 
as investigating the effects of multiple environmental factors on P fluxes and pools over long time scales (Goll 
et al., 2017; Wang et al., 2020; Yang et al., 2013).

In-stream P processes within many watershed models have generally only considered P retention, while the inter-
actions between various P components have often been neglected (Robson, 2014). Phosphorus flux to aquatic 
ecosystems is strongly influenced by climate, land-use condition, and soil P concentration in terrestrial ecosys-
tems (Bennett et al., 2001). Riverine biogeochemical and physical processes during riverine transport also matter, 
especially for large basins where the residence time of P inside rivers is longer than the time-scale of in-channel 
P transformation (Ruttenberg, 2003). Different from watershed models, aquatic P models often incorporate more 
P components and complex biogeochemical processes (Robson, 2014). For example, the RIVE and CE–QUAL–
W2 models are capable of simulating P transfers and stocks of various forms between abiotic environment, 
organic matter, and inorganic matter (Aissa-Grouz et al., 2018; Cole & Wells, 2006). Nevertheless, aquatic P 
models usually rely on accurate boundary conditions determined from water samples or land inputs. The gap 
between a single P variable (e.g., TP) output from watershed models and multiple P variables in the boundary 
condition required by aquatic models can create difficulties when trying to link two different types of models 
(Debele et al., 2008). In contrast, terrestrial biogeochemical models usually incorporate several P variables and 
can provide detailed boundary information for aquatic models. Therefore, it will be much helpful to couple the 
terrestrial P cycle, including soil, plant, and microbial processes, with the P cycle in aquatic ecosystems for 
understanding the P dynamics along the terrestrial–aquatic continuum.

However, models that can comprehensively couple P processes across the land–aquatic interface are still lack-
ing. In particular, previous studies based on limited observational data and over-simplified models have not 
adequately addressed how climate and human activities could interactively impact P export at a century-long time 
scale (Alexander et al., 2008; Stackpoole et al., 2021). Connecting P transformation and transport between the 
terrestrial and aquatic ecosystems can provide a new perspective to evaluate the P dynamic along the terres trial-
aquatic continuum and its response to environmental changes. Here, we intend to link P cycles across terrestrial 
and aquatic ecosystems by developing an aquatic P module within the framework of the Dynamic Land Ecosys-
tem Model (DLEM). DLEM (the C and N coupled version) has been applied to investigate riverine exports 
of C and N from the MRB and the Chesapeake Bay Watershed (Pan et al., 2021; Ren et al., 2016; Tian, Ren, 
et al., 2015; Tian et al., 2020; Yao et al., 2021) and has recently been updated to include terrestrial P processes 
(Wang et al., 2020). In this study, our objectives were to (a) describe our efforts to incorporate the biogeochem-
ical processes of riverine P dynamics and a water transport module into DLEM; (b) use the MRB as a testbed 
to evaluate the performance of the improved DLEM in simulating P loading and export across the land–aquatic 
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interface, (c) estimate the exports of dissolved inorganic phosphorus (DIP), dissolved organic phosphorus (DOP), 
particulate organic phosphorus (POP), and particulate inorganic phosphorus (PIP) from the MRB to the Gulf of 
Mexico during 1901–2018; and (d) further quantify the contributions of climate, anthropogenic P input, land-use 
change (LUC), and atmospheric CO2 concentration to changes in P loading over the study period. This work will 
improve our understanding of underlying mechanisms controlling P loading and provide valuable information for 
nutrient management and pollution mitigation in the MRB.

2. Model and Data
2.1. Integrated Modeling of Terrestrial–Aquatic Processes

DLEM is a process-based model coupling terrestrial biophysics, plant phenology, soil biogeochemistry, and 
vegetation dynamics (Pan et al., 2015, 2020; Tian et al., 2010, 2015). The model is capable of simulating biogeo-
chemical and hydrological cycles across the soil–plant–atmosphere continuum. Recently, we have coupled the P 
processes and C–N–P interactions into the DLEM and established the DLEM–CNP modeling scheme where the 
C, N, and P cycles are fully coupled through photosynthesis, allocation, turnover, nutrient uptake, and decom-
position (Figure S1a in Supporting Information S1) (Wang et al., 2020). Other land P processes in the DLEM–
CNP include weathering from the mineral P pool, adsorption and desorption between the labile P pool and the 
secondary mineral P pool, and occlusion of the secondary mineral P to the occluded P pool (Figure S1b and 
Text S1 in Supporting Information S1). Simultaneously, to evaluate and predict biogeochemical dynamics along 
the terrestrial–aquatic continuum, we have incorporated river C and N cycling into the DLEM and established 
a Terrestrial/Aquatic scheme (Liu et al., 2013; Ren et al., 2016; Tao et al., 2014; Tian et al., 2015, 2020). In 
the most recent version of the DLEM–Terrestrial/Aquatic scheme, a scale-adaptive river transport module was 
incorporated and the hydrological processes were improved (Yao et al., 2020, 2021). The land component in the 
DLEM–CNP calculates soil erosion and P leaching, which can act as forcing factors in the aquatic module. In this 
study, we developed a model representation of riverine P dynamics in the DLEM–Terrestrial/Aquatic scheme and 
connected it to the land component of the DLEM–CNP, which further enhances modeling ability for simulating 
CNP cycling along the terrestrial–aquatic continuum.

2.2. P Yields From Terrestrial Ecosystems

Phosphorus yields from terrestrial ecosystems include DIP, DOP, POP, and PIP (Figure 1). DIP is derived from 
the labile P pool and enters aquatic systems through leaching and runoff. Similarly, DOP is the dissolved organic 
form of P, and can be leached out of soil through surface or subsurface runoff. Both POP and PIP enter into 
aquatic systems through soil erosion during runoff generation processes. POP is derived from the organic matter 
pool while PIP is derived from the mineral P pool, the secondary mineral P pool, and the occluded P pool. Daily 
Yx (g P m −2), yield of constituent x (DIP and DOP), in each grid is calculated as:

�DIP = SLP ⋅
�

� +�
∕�DIP (1)

�DOP = DOP ⋅
�

� +� (2)

where SLP and DOP represent soil labile P and dissolved organic P pools (g P m −2), respectively; Q is daily water 
yield (surface runoff and subsurface runoff) (mm) of the terrestrial ecosystem and W is the soil water content 
(mm) in the surface layer (0.5 m); bDIP is the parameter controlling the adsorption capacity of soil for labile P 
(unitless). Yields of POP and PIP are as follows:

𝑌𝑌𝑃𝑃𝑃𝑃𝑃𝑃 = 𝐸𝐸 ⋅ 𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃 (3)

�PIP = � ⋅ (�MP + �SMP + �OP) (4)

where CPOP, CMP, CSMP, and COP represents the concentration of total organic P, mineral P, secondary mineral P, 
and occluded P in the surface soil column (g P g −1 soil); E is the daily sediment yield due to soil erosion (g soil 
m −2) and was calculated according to the Modified Universal Soil Loss Equation (MUSLE) (Neitsch et al., 2011; 
Williams, 1995).
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� = � ⋅ (� ⋅ ����� ⋅ area)� ⋅�USLE ⋅ �USLE ⋅ �USLE ⋅ ��USLE ⋅ CFRG (5)

where qpeak is daily peak runoff rate (m 3 s −1) and area is the land area (ha) within the grid (we assumed each grid 
represents a hydrological unit; Tesfa et al., 2014); KUSLE, CUSLE, PUSLE, LSUSLE represent factors for soil erodibility, 
cover and management, support practice, and topography, respectively; CFRG is the course fragment factor; a 
and b are the fit coefficients in the equation.

The wastewater P discharge in each grid cell is estimated based on an empirical approach developed by Van 
Drecht et al. (2009). The wastewater P mainly consists of P in human waste, laundry detergents, and dishwasher 
detergents, which are calculated as:

SWP�,� = Pop�,� (����,� +����)�� (1 −��) (6)

where SWPi,y is the wastewater P discharge to surface water from sewage (g P person −1 day −1) in year y and grid 
cell i; Popi,y is population (person); Humi,y and Dety (g P person −1 day −1) are wastewater P from human excreta 
and P-based detergents (laundry and dishwater), respectively; Dy is the fraction of the total population that is 
connected to public sewage systems and Ry is the removal fraction of P through wastewater treatment. The large-
scale usage of P-based detergents started in 1940 when synthetic detergents were newly introduced, and the 
banning of phosphates in detergents emerged in the early 1970s, which culminated in a nationwide voluntary ban 
in 1994 (Litke, 1999). The peak value of detergent P usage in 1970 was estimated as 0.82 g P person −1 day −1 (Van 
Drecht et al., 2009), and we assumed it linearly increased from 1940 to 1970 then linearly decreased until 1994. 
The fraction of households connected to sewage systems in the U.S. was around 75% after 2000 (van Puijenbroek 
et al., 2019). The construction of sewage systems in industrialized countries started from the year 1870 onward, 
and a linear increase in Dy could be assumed for the period 1870–2000 (Morée et  al.,  2013). The general P 
removal fractions of primary treatment, secondary treatment, and tertiary treatment were estimated as 10%, 45%, 
and 90%, respectively (Van Drecht et al., 2009). The large-scale secondary treatment in the U.S. began around 

Figure 1. The coupled terrestrial and aquatic P cycling processes in the Dynamic Land Ecosystem Model–Terrestrial/Aquatic scheme. The pools and fluxes inside soil 
and vegetation (left side) are terrestrial component and the pools and fluxes inside water (right side) are aquatic component developed in this study.
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1920 and tertiary treatment started to grow rapidly since 1970 (Hale et al., 2015). Thus we assumed Ry value were 
linearly increased to 0.1 in 1920, and to 0.45 in 1970, then it increased at a rate of 0.9% per year until 1990, and 
0.3% afterwards according to the change rate of R estimated by Van Drecht et al. (2009). Hum was calculated as:

Hum�,� = Hum��,��NP (7)

Hum��,� = 0.365

[

4 + 14
(

GDP�,�

33, 000

)0.3
]

 (8)

where HumNi,y is the protein N intake (g N person −1 day −1) and is estimated according to empirical relationships 
with per capita gross domestic product (GDP) (Van Drecht et al., 2009); fNP is the ratio between human P and 
human N intake and set as 1:10 (mass basis) (Morée et al., 2013). The TP estimated in this approach is divided 
into DIP (57.0%), DOP (0.5%), POP (2.3%), and PIP (40.2%) according to the information provided by Gu 
et al. (2011). The wastewater P directly enters surface water within each grid, and the simulated total wastewater 
P is presented in Figure 2d.

2.3. Advective P Flux

The aquatic module of the DLEM–Terrestrial/Aquatic scheme consists of physical transport processes and 
biochemical processes in inland water systems. The physical transport processes are designed based on a 
scale-adaptive water transport scheme (Model of Scale Adaptive River Transport (MOSART) (Li et al., 2013). 
The channel routine processes within a grid cell are separated into three unique parts, namely hillslope flow, 
subnetwork flow, and main-channel flow (Figure S2 in Supporting Information S1). Hillslope flow and subsur-
face runoff receive water and C, N, P yields from terrestrial ecosystems, and converge as subnetwork flow. Then 
local subnetwork flow combined with upstream water drains into the main-channel and the main-channel flow 
drains into the downstream grid-cell. Through parameterization (such as flow length, channel slope, and surface 
roughness) using aggregated high-resolution topography and river network data, the MOSART model can work 
in a scale-adaptive way. This feature of MOSART allows our aquatic module to operate at a relatively coarse 
spatial resolution but without a decrease in the simulation accuracy. The DLEM–Terrestrial/Aquatic scheme 

Figure 2. Interannual variation of (a) climate, (b) fertilizer and manure P inputs, (c) land-use change area, and (d) wastewater P in the Mississippi River Basin.
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coupled with MOSART hydrological module has been applied to quantify the C and N loading and performed 
well (Pan et al., 2021; Yao et al., 2021).

The transport rates of P in the subnetwork flow and the main channel flow are consistent with water transport. 
The Kinematic Wave Method, a simplified version of Saint-Venant equations that ignores backwater effects, was 
introduced to calculate water transport in the model (Chow, 2010), which is given as:

⎧
⎪
⎨
⎪
⎩

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
+ 𝐵𝐵

𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
= 𝑞𝑞

𝑆𝑆𝑓𝑓 − 𝑆𝑆0 = 0

 (9)

where Q is outflow rate (m 3 s −1); x is the direction of flow; h is the depth of river channel (m) and B is the width 
of the river channel (m) (we assumed the channel is rectangular); q is lateral inflow from subnetwork or main 
channel (m 3 s −1); Sf is friction gradient and S0 is channel slope. The equations were solved using the Newton–
Raphson method (Stȩpień, 1984). The river-network parameters (e.g., flow direction, channel length, and channel 
slope) derived from a global river network database (Wu et al., 2012), and geomorphological parameters (e.g., 
channel width and channel depth) were obtained according to empirical hydraulic geometry relationships (Li 
et al., 2013, 2015) or remote sensing-based water surface extent data (Homer et al., 2015; Yamazaki et al., 2014).

2.4. In-Stream P Processes

The major in-stream P dynamics include decomposition and mineralization of organic matter, particle organic 
and inorganic matter deposition, P uptake and release by autotrophs, and adsorption and desorption between 
particle matter and dissolved P (Figure 1). Autotrophs assimilate DIP into cellular material, and form POP. DOP 
is eventually released or excreted by phytoplankton and is then further broken down to DIP through mineraliza-
tion. DIP tends to attach to sediment particles and, thus, transforms to PIP. The net deposition of POP and PIP 
from water as sediment is a major P retention process in rivers. Riverine P dynamics were calculated within each 
grid-cell throughout both subnetwork flow and main channel flow. The dynamics of riverine P constituents are 
given by:

∆�POP

∆�
= �POP + �DIP − �� �� �POP −�POP �POP (10)

∆�DOP

∆�
= �DOP +�POP �POP −�DOP �DOP (11)

∆�DIP

∆�
= �DIP +�DOP �DOP − �DIP − �DIP (12)

∆�PIP

∆�
= �PIP + �DIP − �� �� �PIP (13)

where Mx is the total mass of constituent x (DIP, DOP, POP, PIP) in the main channel or subnetwork (g P); cx is the 
concentration of x in water bodies (mg L −1); 𝐴𝐴 ∆t is the time step (hour); Fx is advective P transport from upstream 
or land (g P hour −1) and the land P inputs are assumed to enter into streams at a constant rate within a day; UDIP 
represents the uptake of phosphate by phytoplankton (g P hour −1); vs is the net deposition rate (m hour −1); As 
is the surface area of the water body (m 2) obtained from the remote sensing products (Allen & Pavelsky, 2018; 
Homer et al., 2015); RPOP represents the desorption and excretion rate of particulate organic P (hour −1); RDOP 
is the mineralization rate coefficient of dissolved organic P (hour −1); and ADIP is the net adsorption of DIP (g P 
hour −1) (negative value represents the desorption of PIP).

The deposition velocity of particulate matter is calculated according to Stokes' law (Thomann & Mueller, 1987):

𝑣𝑣𝑠𝑠 = 0.033634 𝛼𝛼 (𝜌𝜌𝑠𝑠 − 𝜌𝜌𝑤𝑤) 𝑑𝑑
2 (14)

where ρs and ρw are the density of water and particulate matter (g cm −3), respectively; α refers to the effect of 
the particle shape on the settling velocity (unitless) and d is the average diameter of the particulate matter (μm) 
(Chapra, 2008).
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The excretion and mineralization rates of the organic P are consistent with the decomposition rate of organic 
matter, which can be estimated by a first-order kinetics equation with temperature dependence:

�DOP,POP = �mDOP,mPOP(�10)
� − ��
10 (15)

where kmDOP,mPOP is the base of excretion and mineralization rates of the organic P (hour −1); Q10 is the change 
fraction of the P reaction rate for a temperature change of 10°C; T is the water temperature (°C) and Ts is the 
reference temperature (20°C).

The uptake of DIP by phytoplankton is linearly related to primary production in aquatic ecosystems, with C, N, 
and P coupling in this process. The uptake of DIP is estimated according to the method proposed in Maavara 
et al. (2015, 2017), which assumes the primary production is limited by P.

�DIP = ��� ⋅���phyto (16)

��� = ������ ⋅
�DIP

�� + �DIP
 (17)

where Pro is primary production in aquatic ecosystems (g C hour −1) and RPCphyto is the P:C ratio of phytoplank-
ton (set as 0.025 according to the Redfield ratio); Ks is the half-saturation DIP concentration (0.62–21.7 mg L −1); 
Promax is the maximum value of primary production under nutrient saturated condition (g C hour −1), which is 
calculated as:

𝑃𝑃𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 = 𝐵𝐵 ⋅ 𝑃𝑃𝑐𝑐𝑐𝑐𝑐 ⋅ 𝑉𝑉 ⋅𝑀𝑀 (18)

where B is average depth-integrated chlorophyll concentration (mg Chl-a km −3) which is calculated based the 
method provided by Reynolds (2006); Pchl is the maximum chlorophyll-specific carbon fixation rate (2.5 g C (mg 
Chl-a) −1 hr −1), V is water volume (km 3), and M is the metabolic correction factor for water temperature, which is 
equal to 1 when water temperature is higher than 28°C, and decreases with temperatures with a Q10 of 2 (Lewis 
Jr, 2011).

The adsorption-desorption process is estimated by using the kinetic form of the Langmuir sorption isotherm 
equation (McGechan & Lewis, 2002; van der Zee et al., 1989):

�DIP = �� ⋅ �DIP ⋅ (���� −�PIP) − �� ⋅�PIP (19)

where ka is adsorption rate constant (m 3 g −1 hour −1) and kd is and desorption rate constant (hour −1), respectively; 
Amax is maximum P sorption capacity of particulate matter (g P). The major parameters introduced in this study 
were given in Table 1.

Parameters Unit Values in DLEM Description References

bDIP Dimensionless 200–800 Adsorption capacity of soil for labile P Calibrated

a Dimensionless 11.8–20.2 Coefficient in the MUSLE (Neitsch et al., 2011)

b Dimensionless 0.56 Coefficient in the MUSLE (Neitsch et al., 2011)

d μm 1–10 Average diameter of the particulate matter (Chapra, 2008)

Q10 Dimensionless 2 Change fraction of the P reaction rate for a temperature change of 10°C; (Kätterer et al., 1998)

kmDOP hour −1 0.00008–0.0004 Base of mineralization rate of DOP (Koehler et al., 2012)

kmPOP hour −1 0.00002–0.0004 Base of excretion and desorption rates of POP (Enríquez et al., 1993)

ka m 3 g −1 hour −1 0.416 Adsorption rate in water (van der Zee et al., 1989)

kd hour −1 0.15 Desorption rate in water (van der Zee et al., 1989)

Table 1 
Phosphorus Export-Related Parameters in the Dynamic Land Ecosystem Model-Terrestrial/Aquatic Scheme
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2.5. Parameter Sensitivity Analysis

Six key parameters controlling P fluxes were selected to conduct local sensitivity analyses based on our model 
calibration experience (Table 2). The riverine DIP export is most sensitive to the bDIP and kd, reflecting the impor-
tant role of land leaching and adsorption-desorption processes within streams. The riverine DOP export shows 
similar responses (varied around 2%–3%) to a, kmDOP, and kmPOP. Changes in POP and PIP are predominantly 
controlled by the land erosion process (a). The TP export is generally more sensitive to land P inputs-related 
parameters (bDIP and a) compared with in-steam retention-related parameters (d).

2.6. Data Sources

Several datasets were developed or collected to characterize natural and human forcing in the MRB (Table 3 
and Table S1 in Supporting Information S1). Based on the datasets, all the required input data for the model 

Parameters
Changes in 
parameters Changes in DIP Changes in DOP Changes in POP Changes in PIP

Changes 
in TP

bDIP 10% −7.33% 0.00% 0.00% −0.01% −1.99%

−10% 8.96% 0.00% 0.00% 0.01% 2.43%

a 10% 0.09% 3.16% 10.72% 10.40% 7.16%

−10% −0.07% −2.59% −8.78% −8.52% −5.87%

d 10% −0.02% −0.23% −0.98% −1.23% −0.82%

−10% 0.02% 0.22% 0.90% 1.17% 0.78%

kmDOP 10% 0.64% −2.67% 0.00% 0.00% 0.00%

−10% −0.67% 2.79% 0.00% 0.00% 0.00%

kmPOP 10% 0.14% 2.38% −2.74% 0.00% 0.00%

−10% −0.14% −2.47% 2.84% 0.00% 0.00%

kd 10% 6.25% 0.00% 0.00% −2.71% 0.07%

−10% −6.66% 0.00% 0.00% 2.89% −0.08%

Table 2 
Sensitivity of Riverine P Fluxes to Major Parameters in Dynamic Land Ecosystem Model

Data variables Time period/step Reference/source

Model input data/Environmental Drivers

 Climate (Temperature, Precipitation) 1901–2018/daily GRIDMET (1979–2018) (http://www.climatologylab.org/gridmet.html) 
CRUNCEP (1901–1978) (https://doi.org/10.5065/PZ8F-F017)

 Land Cover and Land Use (Crop density) 1901–2016/yearly (Yu & Lu, 2018)

 Atmospheric CO2 1901–2018/yearly NOAA's Earth System Research Laboratory (http://www.esrl.noaa.gov/
gmd/ccgg/trends/) (Joos & Spahni, 2008)

 P fertilizer application rate 1901–2018/yearly USDA National Agricultural Statistics Service (https://quickstats.nass.
usda.gov/)

 Manure P production 1901–2017 yearly (Bian et al., 2021)

 P deposition rate Annual average (Mahowald et al., 2008)

Model Calibration and Validation data

 River discharge, Water quality (DIP, TDP, TP) in USGS 
sites: 07022000, 06934500,

1979–2018 daily USGS National Water Information System (https://waterdata.usgs.gov/
nwis)

 P loads (DIP, TP) in USGS sites: 03612600, 07263620 1979–2018 monthly USGS National Water Quality Network (https://nrtwq.usgs.gov/nwqn/#/)

 P loads (DIP, TP) from the whole MRB to the Gulf of 
Mexico

1980–2018 annually USGS National Water Quality Network (https://nrtwq.usgs.gov/nwqn/#/
GULF)

Table 3 
Major Model Input Data and Validation Data
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simulation (e.g., climate, land use, river network, soil properties, atmospheric CO2, N inputs, P inputs, etc.) were 
developed at or resampled into a spatial resolution of 5 × 5 arc-min. The daily climate data from 1979 to 2018, 
including precipitation, temperature, etc., were obtained from GRIDMET (Abatzoglou, 2013), and climate data 
before 1979 were downscaled from the CRUNCEP data set (Viovy, 2018) and bias-corrected to GRIDMET. 
Atmospheric CO2 data were derived from the Global Carbon Project, and were generated by merging ice core 
CO2 data (Joos & Spahni, 2008) with National Oceanic and Atmospheric Administration (NOAA) annual reso-
lution from 1958 onwards. P fertilizer application data were developed based on crop-specific application data 
from the USDA National Agricultural Statistics Service (https://quickstats.nass.usda.gov/) and combined with 
cropland distribution maps. Since USDA only provided P fertilizer data after 1960, we assumed the changing 
trend of P fertilizer in the U.S. during 1860–1960 was consistent with global agricultural P fertilizer usage (Cord-
ell et al., 2009). More details regarding P fertilizer data development can be found in the supplementary material 
(Text S2 in Supporting Information S1). Manure P data were derived from the gridded manure P production 
and application data set in the U.S. developed by Bian et al. (2021). Both P fertilizer and manure application 
increased rapidly from the 1940s to the 1970s (Figure 2b). Yearly P deposition data were extracted from a global 
P deposition map (Mahowald et al., 2008). P deposition only accounted for a small share (around 1% in 2000) of 
the TP input to terrestrial ecosystems compared to other sources. For LUC, cropland expanded rapidly from 1901 
to 1930 but decreased dramatically during 1955–1965 due to cropland abandonment; thereafter, cropland area 
increased again and stayed relatively stable after the 1980s (Figure 2c).

The MRB, draining 4.76 million km 2, encompasses 41% of the contiguous U.S. and is the largest contributor of 
fresh water and nutrients to the Gulf of Mexico. The MRB consists of seven major sub-basins, including Upper 
Mississippi, Ohio, Missouri, Arkansas, Red, Tennessee, and Lower Mississippi River basins (Figure 3). River 
discharge and water quality data of four USGS sites in the MRB at the outlet of major sub-basins were selected 
to calibrate and validate the DLEM–Terrestrial/Aquatic scheme simulated results. Near the outlet of the Lower 
MRB, around 30% of the flow is diverted down the Atchafalaya River through the Old River Control Structure. 
The riverine transport in DLEM was simulated based on the river network and flow direction data derived from 

Figure 3. The Mississippi River Basin. USGS sites used for model calibration/validation include HERM (06934500), THEB 
(07022000), GRAN (03612600), LITT (07263620). Land use condition is derived from the National Land Cover Database 
2016.
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topographic data (Wu et al., 2012) and cannot capture this human-controlled flow diversion. Instead of validat-
ing P fluxes at USGS sites inside the Lower MRB, we validated the riverine P export from the whole basin by 
comparing the simulated P exports from the MRB with the annual P exports data reported by USGS (https://
nrtwq.usgs.gov/nwqn/#/GULF), which combined the observed loading data from sites on both the Mississippi 
River and Atchafalaya River (Lee et al., 2017).

To obtain continuous monthly P flux data based on water quality data from the four USGS sites, the Weighted 
Regressions on Time, Discharge, and Season (WRTDS) method was applied to calculate monthly DIP, total 
dissolved P (TDP), and TP loading from 1979 to 2018 (Hirsch et al., 2010). However, the WRTDS method cannot 
be directly applied at two sites (USGS 03612600 in Ohio/Tennessee, 07263620 in Arkansas) where long-term 
daily discharge data were not available from the USGS National Water Information System. So, we acquired 
the long-term monthly P loading data (DIP and TP) at these three sites from the USGS National Water Qual-
ity Network where monthly P loading in MRB has been assessed. The model outputs have four P components 
(DIP, DOP, POP, and PIP), but only three major P variables (DIP, TDP, and TP) can be provided by the USGS 
for validation. TDP (only available at USGS 06934500 in Missouri and 07022000 in Upper Mississippi) is the 
sum of DOP and DIP, and the difference between TP and TDP is particulate form P (PP), including POP and 
PIP. Simulated DOP can be indirectly validated according to the accuracy of simulated DIP and TDP; similarly, 
simulated PP can be validated by combining TP and TDP. However, the USGS data cannot support the validation 
of POP and PIP separately. To address this issue, we assumed the riverine POP had a stable ratio relationship with 
particulate organic carbon (POC). By verifying simulated riverine POC and PP, the simulated POP and PIP were 
validated indirectly (Yao et al., 2021). The USGS data before 2000 were used for model calibration and the data 
after 2000 were used for model validation.

2.7. Simulation Experiments

The DLEM–Terrestrial/Aquatic scheme simulations included three steps: (a) an equilibrium run that used 40-year 
(1861–1900) mean climate datasets to develop the initial state under the pre-1900 conditions; (b) a spin-up simu-
lation that was performed to eliminate noise caused by the simulation shift from the equilibrium to the transient 
simulation; (c) a transient simulation using 118 years (1901–2018) of forcings to generate results. Six simulation 
experiments (S0-S5), following a “without” strategy, were designed to study natural and anthropogenic impacts 
on riverine P loading (Table S2 in Supporting Information S1). All the simulations started from the same baseline 
equilibrium state. S0 (All combined) is the reference simulation with all the dynamic forcings. In experiment S1, 
the climate variables were fixed as the annual averages of climate data from 1901 to 1920. In experiments S2–S5, 
one of the forcings (CO2, P fertilizer, P manure, and Land-use) was fixed in 1901, while other forcings varied with 
time. The differences between S1–S5 and S0 were taken as the impacts of the corresponding factors.

3. Results
3.1. Model Performance

The coefficient of determination (R 2) and Nash–Sutcliffe efficiency (NSE) were used to compare the simulated 
monthly results and USGS observed data. Target diagrams (Jolliff et al., 2009) provide information regarding the 
bias and Root–Mean–Square Difference (RMSD) of the simulated results (Table 4 and Figure 4). Generally, the 
model could catch the variations and magnitudes of riverine DIP, TDP, and TP fluxes in the major sub-basins of 
MRB. For riverine DIP flux, the R 2 values ranged from 0.33 to 0.63, and NSE ranged from 0.32 to 0.59. The target 
diagram shows that the simulated results slightly overestimated DIP flux in the Ohio River, but slightly underes-
timated DIP flux in the Upper Mississippi River. The temporal variation of DIP fluxes agreed well with USGS 
data in most rivers except the Arkansas, where simulated DIP underestimated the peaks (Figure S4). For riverine 
TDP flux, the model performed well in the Missouri and Upper Mississippi Rivers, with low biases (Figure 4) 
and R 2 values ranging from 0.43 to 0.61 and NSE ranging from 0.23 to 0.57. The simulated riverine TP flux was 
overestimated in the Arkansas River but had very slight biases for other rivers, with R 2 values ranging from 0.26 
to 0.70, and NSE ranging from 0.21 to 0.65. It was noted that the simulated results underestimate the numerous 
peaks of TP fluxes in the Missouri and Upper Mississippi Rivers. The model performed better in the validation 
period than the calibration period for Missouri and Arkansas Rivers, and the opposite was seen for the Ohio River.
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The average simulated DIP and TP exports from the MRB matched well with USGS observed data, though 
the interannual variation of P fluxes still showed discrepancies (Figure 5). The slope of simulated DIP export 
(0.14  Gg P yr −2, p  =  0.20) during 1980–2018 was similar to that of observed DIP export (0.15  Gg P yr −2, 
p = 0.39), although the increasing trends were not significant (p > 0.05). The simulated TP export increased at 
a rate of 1.03 Gg P yr −2 (p = 0.02) during 1980–2018, which was higher than the rate of observed TP export 
(slope = 0.77 Gg P yr −2, p = 0.07). The simulated TP export slightly overestimated the increasing trend of TP 
export in recent decades.

3.2. Temporal Pattern of P Fluxes During 1901–2018

The simulated DIP, DOP, POP, and PIP exports from the MRB all exhibited obvious inter-annual fluctuations 
(Figure 6). Simulated riverine DIP export increased by 42%, from 36.3 Gg P yr −1 in the 1900s (1901–1909) to 
51.6 Gg P yr −1 in the post-2010s (2010–2018). The fastest growth of simulated DIP occurred during 1963–1973, 
at a rate of 2.0 Gg P yr −2. After the 1970s, simulated DIP fluctuated around a stable value. Simulated riverine 
DOP export experienced a drop around the 1950s and 1960s, then increased in the 1970s, and leveled off thereaf-
ter, reaching 10.8 Gg P yr −1 in the post-2010s. Simulated POP and PIP exports, which exhibited a similar interan-
nual variation pattern, increased by 59% (from 10.8 to 17.1 Gg P yr −1) and by 54% (from 62.0 to 95.2 Gg P yr −1), 
respectively, from the 1900s to the post-2010s. The growth rate of simulated POP and PIP had accelerated after 
the 1960s, at rates of 0.5 Gg P yr −2 and 0.1 Gg P yr −2, respectively, during 1960–2018. The peak values of simu-
lated P exports also became higher in some years of recent decades (e.g., 1993 and 2018). The PIP flux dominated 

Sub-basins (USGS sites) TDP DIP TP

R 2 NSE R 2 NSE R 2 NSE

Missouri (HERM) Calibration 0.43 0.23 0.46 0.37 0.26 0.21

Validation 0.58 0.55 0.58 0.53 0.35 0.28

Upper Mississippi (THEB) Calibration 0.57 0.57 0.59 0.57 0.47 0.46

Validation 0.61 0.56 0.61 0.53 0.50 0.46

Ohio/Tennessee (GRAN) Calibration 0.63 0.59 0.60 0.59

Validation 0.50 0.47 0.54 0.51

Arkansas (LITT) Calibration 0.33 0.32 0.53 0.42

Validation 0.49 0.44 0.70 0.65

Note. The temporal DLEM-simulated flow and P load results against USGS data can be found in supplementary (Figures S3 
and S4 in Supporting Information S1).

Table 4 
Evaluation of Simulated Results Against Field Data

Figure 4. Normalized target diagrams for monthly (a) TDP, (b) dissolved inorganic phosphorus, and (c) TP comparisons between simulations and USGS data 
(1979–2018). (The X-axis is unbiased total Root–Mean–Square Difference (uRMSD), and Y-axis is normalized bias. Both axes are normalized by the standard deviation 
of USGS data).
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the P export, accounting for 48%–54% of TP export, followed by DIP flux, 
accounting for 30%–35% (Figure S5 in Supporting Information S1). The POP 
and DOP fluxes contributed 6%–8% and 9%–10% to TP flux, respectively. 
The decadal average of TP export increased significantly since the 1960s 
and reached 163.1 Gg P yr −1 in the 1990s, then declined in the 2000s, but 
increased again to 174.8 Gg P yr −1 in the 2010s. From the 1960s to the post-
2010s, DIP, DOP, POP, PIP, and TP increased by 42%, 53%, 60%, 53%, and 
50%, respectively.

3.3. Spatial Variability of P Yields

Yields of different P species showed different distribution characteristics 
which became noticeable especially after 1980 (Figure S6 in Supporting 
Information S1). Simulated DIP yield decreased along a gradient from the 
central part (mainly cropland) of the MRB to both sides. DOP yield was high 
in the central and eastern basin where forest and cropland dominated, and 
low in the western part which was mainly covered by grassland and shrub-
land. With respect to change rates after 1980, DIP yield increased mostly in 
the cropland area (western Ohio, Upper Mississippi, and eastern Missouri) 
(Figures 3 and 7a). By contrast, DOP yield increased in almost the entire 
Ohio and slightly decreased in central Upper Mississippi and southern 
Lower Mississippi (Figure 7c). The distribution of simulated PIP and POP 

yields were similar, with high-yield regions concentrating on several hot spots (e.g. eastern Ohio, Upper Missis-
sippi, western Missouri) (Figure S4 in Supporting Information S1). However, the change rates of PIP and POP 
yields  were distributed more evenly (Figures 7b and 7d), with an increasing trend across most of the MRB except 
western Missouri. Compared to the other three P species, the change rate of DIP yield showed large spatial varia-
bility. It showed the fastest increase (>0.0006 g P m –2 yr –2, p < 0.05) in some regions like western Ohio and Upper 
Mississippi but the most rapid decrease (<–0.0004 g P m –2 yr –2, p < 0.05) in southeastern of Missouri, southern 
Lower Mississippi, and eastern Tennessee.

Figure 5. The comparison of USGS-observed and DLEM-simulated annual 
riverine dissolved inorganic phosphorus and TP exports from the Mississippi 
River Basin during 1980–2018.

Figure 6. Interannual variation and trend in simulated dissolved inorganic phosphorus, dissolved organic phosphorus, 
particulate organic phosphorus, and particulate inorganic phosphorus fluxes from the Mississippi River Basin during 
1901–2018. Dash lines are 10-year moving averages of P fluxes (The value in year i is the average P export from year i − 4 to 
i + 5).
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3.4. Contributions of Multiple Environmental Factors to Changes in P Loading

The increasing trends of different P components were dominated by different environmental factors (climate, 
fertilizer, manure, atmospheric CO2, and land use), and the same factor might have opposite impacts on different 
P components (Figure 8). Riverine DIP loading is dominated by the increasing application of P fertilizer and 
manure after the 1950s. The simulated DIP export from 2010–2018 in S0 (reference simulation) is 27% higher 
than S3 (“constant fertilizer” simulation), and 17% higher than S4 (“constant manure” simulation). The LUC, 
especially cropland expansion, is the second important contributor to DIP export. Compared to S5 (“constant 
LUC” simulation), DIP export in S0 was 33% higher in the 1980s and 26% higher during 2010–2018. Climate 
variability and P fertilizer are two primary contributors to PIP export since the 1970s. Averaged over 2010–2018, 
the simulated export of PIP in S0 was higher than that in S1 (“constant climate” simulation) by 32% and S3 by 
23%. LUC decreased the PIP export through the study period, and its impact was more pronounced before the 
1940s as cropland expanded but weakened thereafter when cropland abandonment occurred. The changes in DOP 
and POP exports were dominated by two major factors, climate and LUC. The contributions of climate to DOP 
and POP exports magnified in recent decades, and during 2010–2018, the exports of simulated riverine DOP and 
POP in S0 increased by 31% and 43%, respectively, compared with S1. LUC decreased DOP and POP exports 
by around 3% and 16% over 2010–2018, respectively. Since the 1970s, the rising atmospheric CO2 concentration 
gradually increased the DOP export and played an increasingly important role in decreasing DIP and PIP exports.

In summary, climate (precipitation and temperature) variability and P fertilizer usage were the two key factors 
that increased TP loading since the 1970s (Table 5). The impacts of fertilizer application and animal manure 
on TP export continually increased throughout the study period, and climate induced the highest TP export 
(37.50 Gg P yr −1) after 2010. Atmospheric CO2 was the only factor that declined TP export since 1901, decreas-
ing around 14.35 Gg P yr −1 export during 2010–2018. LUC first decreased TP export until the 1970s, and then 
started to increase TP export thereafter.

Figure 7. Annual change rates (1980–2018) in P yields: (a) Dissolved inorganic phosphorus, (b) particulate inorganic phosphorus, (c) dissolved organic phosphorus, 
and (d) particulate organic phosphorus.
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4. Discussion
4.1. Importance of Integrating Terrestrial and Aquatic Processes

The delivery of P from land to ocean through river systems is the major pathway for P leaving terrestrial and 
entering coastal ecosystems. Studies on P loading across the land-ocean interface call for a connection of P 

fluxes between terrestrial and aquatic ecosystems. However, due to the 
physical and biological differences between aquatic and terrestrial ecosys-
tems, the modeling approaches for terrestrial and aquatic biogeochemistry 
have developed somewhat independently (Bouwman, Bierkens, et al., 2013; 
Bouwman, Goldewijk, et  al.,  2013). Our study fills a critical gap by inte-
grating a terrestrial biogeochemical model with an aquatic biogeochemical 
module and connecting the cycle of different P species between terrestrial 
and aquatic ecosystems. The DLEM–Terrestrial/Aquatic scheme is capable 
of simulating P fluxes across parent material, soil, and vegetation to headwa-
ters, main-channel rivers, and eventually river outlets. The full consideration 
of terrestrial and aquatic processes in the DLEM–Terrestrial/Aquatic scheme 
can provide both prognostic and predictive assessments of interactions of P 
dynamics among soil, water, and vegetation. Furthermore, impacts of human 
disturbances on P loading can be tracked under multiple environmental 
conditions. Independent aquatic models usually rely on detailed boundary 
conditions and are applied at relatively short-time scales (hour, day, month, 
year), while terrestrial biosphere models can be applied over long-time scales 
(decade, century). With terrestrial modules providing long time scale P input 
for aquatic modules, the DLEM–Terrestrial/Aquatic scheme can be used to 
investigate P loading at time scales from days to century. Simultaneously, the 
scale-adaptive water and nutrient transport scheme can simulate the delivery 

Figure 8. Decadal changes in the contributions of environmental factors on riverine (a) dissolved inorganic phosphorus, (b) particulate inorganic phosphorus, (c) 
dissolved organic phosphorus, and (d) particulate organic phosphorus exports. Contributions were the cumulative difference between the reference simulation (S0) and 
counterfactual scenario (S1–S5) (see Section 2.7 and Table S2 in Supporting Information S1).

Year Climate CO2 P Fertilizer P Manure LUC

1900s −5.74 −0.05 0.00 0.02 −7.17

1910s −17.13 −0.24 0.05 0.17 −6.71

1920s −10.86 −0.63 0.16 0.66 −4.40

1930s −25.20 −0.85 0.24 1.25 −3.31

1940s −9.25 −1.46 0.59 3.11 −7.06

1950s −14.81 −1.56 1.73 4.59 −3.36

1960s −14.61 −2.04 4.25 6.80 −4.20

1970s 6.10 −3.40 10.69 11.14 −3.03

1980s −2.80 −5.10 16.99 12.85 1.32

1990s 26.16 −7.79 23.95 16.78 1.06

2000s 9.56 −10.17 25.61 17.28 3.12

2010s 37.50 −14.35 29.51 19.47 5.52

Note. Unit: Gg P yr −1.

Table 5 
Decadal Changes in the Differences of Riverine TP Export Between the 
Reference Simulation (S0) and Scenario Simulations (S1–S5)

 19449224, 2022, 6, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

B
007347 by N

oaa D
epartm

ent O
f C

om
m

erce, W
iley O

nline L
ibrary on [20/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Global Biogeochemical Cycles

BIAN ET AL.

10.1029/2022GB007347

15 of 21

process at the sub-grid level by incorporating hillslope flow, subnetwork flow, and main-channel flow. Thus, 
our model is capable of simulating P transport at multiple spatial scales from basin to continental to global (Yao 
et al., 2020).

Another important advantage of the DLEM–Terrestrial/Aquatic scheme is having the ability to estimate the 
export of four riverine P species: DIP, DOP, PIP, and POP. DIP, as reactive P, is available for biological uptake 
and links the P and C cycles (Compton et al., 2000). DIP in fresh waters and coastal waters directly impacts the 
primary productivity of aquatic ecosystems and excessive DIP leads to eutrophication. The riverine DIP concen-
tration is not only shaped by its abundance in local rocks and soils, but also by physical and biochemical transfor-
mations between different P species. In the soil environment, P ions are easily adsorbed to particles and colloids 
and co-precipitate with chemicals such as iron and calcium. As P enters the river in particulate form, P ions could 
be released and become bio-available if changes in iron/aluminum/calcium concentrations, temperature, pH, and 
redox conditions favor desorption process (Bai et al., 2017). Generally, DIP can be regarded as an immediately 
available nutrient source to aquatic biota, while particulate form P represents a longer-term source (McDowell 
et al., 2004). Meanwhile, the settling of PP is a major P detention process and riverine PP has the largest share 
in TP, thus the removal of P in water column may be enhanced if settling process is favored. The turnover rate 
of P between organic and inorganic forms is closely related to primary productivity and varies both spatially and 
seasonally (Heidel et al., 2006). Therefore, the concentrations and distributions of different P species in aquatic 
systems can change rapidly due to both biogeochemical cycling processes and local P loading. Additionally, in 
consideration of the behavior of different forms of P in aquatic systems, the assessment of riverine export of 
multiple P species can provide detailed information for the further study of coastal ocean ecosystem processes.

4.2. Climate and Anthropogenic Control Over P Loading

In this study, the simulation experiments provided an evaluation of the individual contributions of multiple envi-
ronmental factors to riverine P exports and offered insight into the mechanisms behind the responses. The major 
reasons for the increases of different P species in the MRB varied. Riverine DIP export was mainly driven by the 
increased usage of fertilizer while PIP, DOP, and POP exports were primarily driven by increased precipitation. 
The joint effect of climate and anthropogenic activities shaped temporal and spatial patterns of P loading.

4.2.1. Climate Control Over P Loading

The magnitude and variation of P losses from land are directly influenced by climate, especially precipitation 
(Jennings et al., 2009). Climate impacts the reaction rates of biogeochemical transformations, such as weathering, 
decomposition, mineralization, and plant uptake. Climate also regulates the hydrological processes that modify 
the yield and transport of P across terrestrial and aquatic systems. The inter-annual variations of riverine DIP, PIP, 
DOP, and POP exports were strongly influenced by inter-annual variations in precipitation (Figures 3a and 6). 
The peaks of P exports consistently occurred in wet years (e.g., 1993 and 2008), while the lowest P exports 
occurred in dry years (e.g., 2000, 2006, and 2012). At the decadal scale, the 1950s drought was associated with 
low P exports, while rising precipitation and warming enhanced the exports of TP in recent decades (Figure 8). 
The intensified weathering under the condition of wetting and warming facilitated the transformation of P from 
mineral to biologically available form (Goll et al., 2014). The increasing P involved in the mobilization associated 
with the rising runoff contributed to the increasing trends of P exports. With regard to spatial patterns of P load-
ing, conditions of relatively high precipitation contributed to high P yields in the central and eastern portion of 
the basin, especially for DOP yield (Figure S4 in Supporting Information S1). High precipitation stimulated plant 
growth and ecosystem productivity, which could then further promote the accumulation of soil organic matter 
and modify the allocation of P in soil. High rates of leaching and organic P storage contributed to the high DOP 
yield in the eastern basin. Except agricultural areas, climate-related factors dominated the change in P loading in 
most regions.

4.2.2. Anthropogenic Control Over P Loading

In most agricultural soils, weathering results in slow release of P that is readily absorbed by crops or combined 
with aluminum, iron, calcium, and manganese, whereas application of mineral fertilizer can temporarily enhance 
the dissolved form of P. According to McDowell et al. (2004), application of P increased DIP that was subse-
quently lost to overland flow at levels 4–26 times greater than that of unamended soil. Meanwhile, around 28% 
of P may remain in agricultural soil and become legacy P (Kleinman et  al.,  2011; MacDonald et  al.,  2012). 
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For DLEM–Terrestrial/Aquatic scheme, the legacy P in agricultural soil was from the accumulated labile P, 
secondary mineral P, and occluded P pools after fertilizer application (Figure 1). The soil legacy P, which can be 
a continuous source of soluble and particulate P released into waters, has raised concern in recent years (Rowe 
et al., 2016; Sabo et al., 2021). In this study, the consumption of P fertilizer was relatively stable after the 1980s 
(Figure 2b), but the contribution of fertilizer to TP loading continued to increase into the 2010s (Table 5). The soil 
legacy P has been shown to weaken the efficacy of conservation measures across watersheds and thus more effec-
tive nutrient management strategies may be required (Sharpley et al., 2013). Additionally, the P use efficiency 
(PUE) of crops has increased in some regions of the MRB as crop yields continued increasing while P fertilizer 
application keep relatively stable during the post-1980 period (Swaney & Howarth, 2019). The improved PUE in 
crop production could reduce the DIP yield in several agricultural areas (Figure 7).

Land-use change influences P loading by modifying the allocation of P inputs to soil and the resistance of soil 
to erosion. Croplands receives most mineral P fertilizer and are vulnerable to soil erosion, while harvested crops 
transfer P out of the agricultural systems. With regard to other land cover types, such as forest, the majority of 
P circulates inside the vegetation–microbe–soil system (Sohrt et al., 2017). Before the wide use of mineral P 
fertilizers (around the 1940s), the expansion of cropland consumed the P storage in soil and decreased P loading. 
According to Tiessen et al. (1992), soil organic P storage can drop significantly in response to long-term cultiva-
tion and crop removal. After the 1940s, the application of mineral P fertilizer increased quickly and the P losses 
from cropland were intensified. By contrast, extensive cropland abandonment (Figure 2c) may, to some extent, 
alleviate P loss (Yu & Lu, 2018). Therefore, the impact of LUC on P loading varied with different types of land-
use conversion and changed in different periods.

Elevated atmospheric CO2 stimulates the plant growth and uptake of inorganic P (Terrer et al., 2019). Increased 
ecosystem primary production and C accumulation enhanced P immobilization into plant biomass and soil 
organic pools. As a result, inorganic P exports decreased while organic P exports increased in response to elevated 
atmospheric CO2. As CO2 emission continues rising, changing C cycle can potentially exert more influence on P 
cycle in terrestrial ecosystems and ultimately alter P export.

4.2.3. Interactive Effect of Climate and Anthropogenic Factors on Soil Erosion and P Loss

As the major portion of soil P is tightly adsorbed to mineral particles, bound within organic matter or precip-
itated as weakly soluble salts, soil erosion is the most crucial factor driving potential P loss from ecosystems 
(Alewell et al., 2020; Carpenter & Bennett, 2011). Soil erosion is influenced by many factors (including rainfall, 
land use condition, soil type, topography, and management), and large amounts of soil loss can happen rapidly 
(Quinton et al., 2010). PP loss does not occur from the entire catchment but rather from many critical source 
areas where serious soil erosion occurs or soil P content is high (McDowell et  al.,  2004). From a temporal 
perspective, the increased precipitation in recent decades in the MRB would have accelerated soil erosion and 
PP loss (Lu et al., 2020; Tan et al., 2021). Furthermore, in extreme precipitation events, higher rainfall intensity 
can exacerbate soil erosion and potentially cause huge soil P loss on short time scales (Carpenter et al., 2018; 
Z. Li & Fang,  2016). Anthropogenic management activities (e.g., overgrazing, intensive agriculture, and tile 
drainage) combined with related LUC are another primary cause of gradual change in soil erosion (Borrelli 
et al., 2017; Turner & Rabalais, 2003). Historically, erosion increased when forest cover was converted to crop-
land and declined when farms were abandoned (Turner & Rabalais,  2003). Cropland received most of the P 
inputs but also was vulnerable to erosion. Soil erosion accompanied by P loss has been recognized as a threat to 
soil P storage and food security, especially in places with low or no P fertilizer inputs (Bouwman, Goldewijk, 
et al., 2013; MacDonald et al., 2011). Due to the strong interaction between climate and anthropogenic factors, 
land management options for erosion control and soil P retention need to consider climate change adaptation.

4.3. Uncertainty and Limitation

In this study, the simulated results with DLEM–Terrestrial/Aquatic scheme can generally depict the magnitude 
and variation of P loading from the MRB on long-time scales. However, uncertainties remain due to limitations in 
the model structure and input datasets. The major component in riverine TP is the particulate form of P, which is 
derived from erosion and gradual settling during river transport process. Landscape soil erosion through overland 
flow is estimated in the model, but bank erosion and other geological hazards, like mass wasting, were not consid-
ered in this study. It is understood that historical soil erosion has left significant sediments within river valleys 
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and floodplains that are an important source for modern sediment in the MRB (Hassan et al., 2017). However, 
our simulated results may underestimate the sediment and PIP yields from river valleys in the Lower Mississippi.

From a temporal perspective, the peak values of P loading in Missouri and Upper Mississippi were underesti-
mated in our simulations and may result from the underestimation of peak flows and the lack of accounting for 
resuspension processes in river channels. Extreme precipitation events and peak flow can potentially cause a 
higher magnitude of erosion. In this study, we assumed each grid represents a hydrological unit, and the peak 
flow calculated in grid cells may be underestimated compared to estimates for actual catchments. We also did 
not account for the interaction between bottom sediment and water column due to the unsound representation of 
biogeochemical processes inside river sediment in the current model. Some of the P in sediments in stream bottom 
can be introduced to the water column through resuspension (particulate form) or by diffusion (dissolved inor-
ganic forms) (Vilmin et al., 2015). Resuspension can be significant when flow rate is high (Pulley et al., 2016). 
Therefore, the omission of resuspended P as source in our model leads to an underestimation of riverine P exports 
in the simulation, especially during peak flow.

Additionally, PP is more likely to be sequestered in dam reservoirs as the abundance of dams in the MRB may 
have enhanced the retention of P loads (Maavara et  al.,  2015). Sediment loads transported down the Lower 
Mississippi were reported to fall by more than half over the last century due to the trapping characteristic of dam 
and reservoir construction and in-channel storage (T. Li et al., 2020; Meade & Moody, 2010; Remo et al., 2017), 
and PP loads may experience a similar decline process. Considering the DLEM results were validated against 
observed data only in the recent decades, the simulated results may underestimate the P loading before the 1950s 
when reservoirs initially started to play a key role in reducing riverine sediment.

Moreover, the lock-and-dam systems construction, channel straightening, bank stabilization, the loss of wetlands, 
and occlusion of floodplain swamps in the basin during the twentieth century would affect P delivery to the Gulf 
but were not considered in this study. The neglecting of these physical changes may limit the efficacy of in-stream 
processes and introduce considerable uncertainty in the estimate of long-term P loading, especially during the 
early to middle part of the twentieth century. In the future, we plan to develop a process-based dam module within 
DLEM–Terrestrial/Aquatic scheme and build a more robust hydrological module to estimate the impact of dam 
and reservoir on nutrient loading.

The century-scale simulation is heavily dependent on a sizeable number of input datasets. Many assumptions 
were made to extend the datasets back to the preindustrial period. For example, P fertilizer data in the U.S. are 
only available after 1960, and the data before 1960 were estimated according to the global change trend of P 
fertilizer consumption, which brought uncertainties to the simulated P exports before 1960. Furthermore, several 
input datasets, such as P deposition and lithology data, were extracted from global datasets at 0.5°-arc resolution, 
and these were resampled to arc 5-min resolution to match other input data, potentially introducing spatial biases. 
Due to the unavailability of the dynamic and spatially explicit P point sources data in the MRB, we estimated P 
emissions from wastewater by applying an empirical method based on population and GDP. However, variations 
in wastewater P, especially those associated with reductions due to policy and technological changes, were hard 
to accurately estimate without specific data. Additionally, the annual P inputs, such as fertilizer and manure, were 
allocated on each day equally within the crop growing seasons, which ignored the impact of fertilizer and manure 
application timing on P dynamics at daily or seasonal scale.

5. Conclusions
This study developed a riverine P module coupled with a terrestrial biogeochemical model, the DLEM–Terres-
trial/Aquatic scheme, to simulate P dynamics across the land–ocean aquatic continuum. The model linked P 
cycles in terrestrial and aquatic ecosystems and simulated the long-term dynamics of the loading and exports 
of four P species: DIP, DOP, PIP, and POP. The model was applied in the MRB and performed relatively well 
to simulate the magnitudes and variations of riverine P exports. The simulated results suggest that riverine PIP 
dominated the TP flux, while DOP had the smallest contribution. The estimated riverine DIP, DOP, PIP, and 
POP exports all increased over 1901–2018, but DIP and DOP exports leveled off after the 1970s. The increase 
in DIP export was mainly driven by elevated usage of P fertilizer and manure and increases in the other three P 
species were driven by increasing precipitation. The intense soil erosion accompanied by PP loss during extreme 
precipitation events appears to dominate the TP flux. LUC contributed to the increase of DIP load, but reduced 
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loads of DOP, POP, and PIP. Rising atmospheric CO2 concentrations played an increasingly important role in 
decreasing DIP and PIP exports. This study highlights the impacts of changes in terrestrial ecosystems on P load-
ing to aquatic systems, which is critical for sustainable nutrient management and water security in a changing 
global environment.

Data Availability Statement
The model-simulated annual land P yield maps and riverine P exports from the MRB are archived in the Box 
Cloud (https://auburn.box.com/s/30nnuw3d2f0ks5syzn7vfkin7cdyfoun). The model source code, input data, and 
row outputs in this study are accessible upon request (contact: tianhan@auburn.edu).
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